The molecule-based magnet ͓Ru 2 ͑O 2 CMe͒ 4 ͔ 3 ͓Cr͑CN͒ 6 ͔ contains two interpenetrating sublattices with sublattice moments confined to the cubic diagonals. At ambient pressure, a field of about 850 Oe rotates the antiferromagnetically coupled sublattice moments toward the field direction, producing a wasp-waisted magnetization curve. Up to 7 kbar, the sublattice moments increase with pressure due to the enhanced exchange coupling between the Cr͑III͒ and Ru͑II/ III͒ 2 spins on each sublattice. Above 7 kbar, the sublattice moment drops by about half and the parallel linear susceptibility of each sublattice rises dramatically. The phase transition at 7 kbar is most likely caused by a high-to-low-spin transition on each Ru 2 complex. Molecule-based materials provide the unprecedented opportunity to tune magnetic properties with choice of cation, guest molecules, or topology and by applying strain or pressure.
1
The molecule-based magnet ͓Ru 2 ͑O 2 CMe͒ 4 ͔ 3 ͓Cr͑CN͒ 6 ͔ ͑Cr͑Ru 2 ͒ 3 ͒ forms a bodycentered-cubic structure with two interpenetrating cubic sublattices composed of alternating S =3/ 2 ͓Ru 2 ͑O 2 CMe͒ 4 ͔ + ͑Ru 2 ͒ and S =3/ 2 ͓Cr͑CN͒ 6 ͔ 3− ͑Cr͒ ions. 2 Due to the crystal field of the paddle-wheel complex sketched in the lower right of Fig. 1 , the spin S of each mixed-valent Ru͑II/ III͒ 2 ion 3 experiences an easy-plane anisotropy D͑S · u͒ 2 , where D Ϸ 8.6 meV ͑Ref. 4͒ and u bisects the paddle wheel along the Ru-Ru axis. The antiferromagnetic ͑AF͒ coupling J between the Cr͑III͒ and Ru͑II/ III͒ 2 ions within each sublattice is much stronger than the AF coupling K between sublattices.
To our knowledge, Cr͑Ru 2 ͒ 3 is the only material where two three-dimensionally ordered and weakly coupled magnetic sublattices occupy the same volume.
Because of the weak AF coupling K between sublattices, Cr͑Ru 2 ͒ 3 undergoes a metamagnetic transition between AF and paramagnetic ͑PM͒ states at a critical field H c ϳ K / B . In ambient pressure, the metamagnetic transition is plotted in Fig. 1 for T = 8 K. Shum et al. 6 observed that the waspwaisted magnetization curve of Cr͑Ru 2 ͒ 3 sensitively depends on pressure. By 12.8 kbar, the constriction in the virgin curve has disappeared and any signature of the metamagnetic transition has vanished. This Brief Report demonstrates that a phase transition separates a low-pressure ͑LP͒ phase below 7 kbar and a highpressure ͑HP͒ phase above 7 kbar. In the LP phase, pressure enhances the coupling between sublattices and the sublattice moment grows. But in the HP phase, the sublattice moment falls dramatically and the susceptibility of each sublattice changes form.
Because of the easy-plane anisotropy on the Ru 2 complexes, each Cr͑Ru 2 ͒ 3 sublattice is magnetically frustrated and a collinear magnetic ground state is not possible. In earlier work, 5 we constructed the noncollinear magnetic ground state of each sublattice at ambient pressure. For the a, b, and c Ru 2 spins along the x, y, or z axes, the paddle wheels are perpendicular to the vectors u = x, y, or z. The proposed ground state is sketched in the upper left of Fig. 1 : every Cr spin points along one of the eight cubic diagonals ͑account-ing for orientation͒ and the sum of the Ru 2 a, b, and c spins points opposite the Cr spin. For infinite anisotropy and classical spins, the Ru 2 spins are confined to the easy plane of each paddle wheel; for finite anisotropy and quantum spins, the Ru 2 spins are canted toward the cubic diagonal but their expectation values are reduced in amplitude. For quantum spins with exchange coupling J = D / 5 Ϸ 1.7 meV, the net sublattice spin is M sl = 1.81 per Cr͑Ru 2 ͒ 3 unit cell at zero temperature ͑the net sublattice moment is 2 B M sl = 3.62 B ͒.
A model for the field and pressure dependence of the magnetization can be constructed based on the observation that the intersublattice coupling K ϳ 10 −3 meV is much smaller than the intrasublattice coupling J ϳ 1 meV ͑positive exchange is defined to be AF͒. 5 At zero temperature, a net moment appears above the critical field H c ϳ K / B ϳ 1000 Oe. Because H c Ӷ J / B ϳ 10 T, the magnetic ground state of each sublattice is only weakly perturbed by an external field up to several thousand Oersted. To a first approximation, the magnetic configuration of each sublattice can be considered to be rigid and the sublattice moment j = 1 or 2 can be written as 2 B M sl ͑T͒n j , where n j lies along one of the eight cubic diagonals.
Thermal equilibrium between the 64 possible configurations ͕n 1 , n 2 ͖ is achieved by fluctuations of the sublattice moments out of the completely ordered ground state. Below H c , the ground state is AF with sublattice orientations n 1 = −n 2 . Above H c , the sublattice orientations n 1 and n 2 in the PM state lie along the cubic diagonals that are closest to the field direction m.
The energy of a magnetic configuration with sublattice orientations ͕n 1i , n 2i ͖ on cluster i is given by
where H = Hm is the magnetic field and each cluster contains 2 K c n 1i · n 2i , we now take
This scaling removes the dominant temperature dependence from K c .
While this model qualitatively describes Cr͑Ru 2 ͒ 3 , a quantitative description must also account for the small distortion of the sublattice ground state produced by the magnetic field. That distortion is responsible for two effects: the weak linear susceptibility 2 B M / H observed within the AF state at low fields and the even weaker differential susceptibility 2 B dM / dH observed within the PM state at high fields.
In a magnetic field H, we assume that the susceptibility sl of each sublattice moment 2 B M sl ͑H , T͒ depends only on the angle = arccos͑n · m͒ between the cubic diagonal n and the field direction m,
Expanding sl in Legendre polynomials P l ͑cos ͒ up to l = 2 produces the expression
which ignores the weak dependence of sl on the azimuthal angle about the cubic diagonal.
The first term 0 in Eq. ͑3͒ is the parallel susceptibility reflecting the induced magnetization along the direction of the sublattice moment n with = 0. In our earlier fits at ambient pressure, 5 we took 0 = 2 = 0 and only retained 1 . We now keep all three terms subject to the constraint that sl ͑͒ Ն 0 for any . As shown below, the experimental data is sufficiently discriminating to justify this more refined model and the pressure dependence of the parameters n provides compelling evidence for a phase transition at 7 kbar.
With j = arccos͑n j · m͒, the noninteracting susceptibility of the magnetic configuration ͕n 1 , n 2 ͖ is given by nint = sl ͑ 1 ͒ + sl ͑ 2 ͒ per pair of Cr atoms. The additional linear term N Cr nint H / 2 is added to the magnetization and the extra term −N Cr nint H 2 / 4 is added to the energy E of Eq. ͑1͒ for each cluster.
This model was used to evaluate the magnetization 2 B M av of a polycrystalline sample by averaging over field directions m. For every temperature T, M av depends on six parameters: the three components of the sublattice susceptibility n , the sublattice spin M sl , the weak AF interaction K between sublattices, and the number N Cr of Cr͑Ru 2 ͒ 3 unit cells within each cluster ͑half belonging to each sublattice͒. For T = 8 K, the resulting fits are plotted in Fig. 1 . 7 For temperatures up to 30 K and pressures up to 11.7 kbar, M sl , K, and N Cr are plotted in Fig. 2 .
Generally, these fits break down close to T c and at high fields because the field-induced change sl ͑͒H in each sublattice moment becomes a substantial fraction of the zerofield moment 2 B M sl ͑0,T͒. 7 In other words, the sublattice ground state can no longer be considered to be rigid near T c or for high fields.
The fitting parameters show a marked change at 7 kbar. In the LP phase below 7 kbar, applied pressure has the expected effect of enhancing the intrasublattice exchange J compared to the anisotropy D of the Ru 2 paddle-wheel complex. Consequently, the sublattice spin M sl plotted in Fig. 2͑a͒ increases with pressure in the LP phase. At 8 K, M sl increases from 1.8 to 2.2 between ambient pressure and 5.46 kbar. To explain this enhancement, J must be increased by about 60% and D / J lowered from 5 to 3. The increase in J is also reflected in the growth of T c from 33 to 42 K. 6 Notice that M sl ͑T͒ shows the expected reduction with temperature in Fig. 2͑b͒ . By contrast, K is relatively insensitive to temperature for each pressure below about 25 K, as expected for the rescaled intersublattice exchange introduced in Eq. ͑1͒.
As shown by the reduction in N Cr ϳ 3 with increasing pressure below 7 kbar in Fig. 2͑e͒ , pressure initially suppresses the size of the fluctuating magnetic clusters. With increasing temperature, critical fluctuations produce the exponential dependence N Cr ͑T͒ ϰ ͑1−T / T c ͒ −3 seen in Fig. 2͑f͒ . Our results remain consistent with a mean-field-like critical exponent =1/ 2 for all pressures. In Cr͑Ru 2 ͒ 3 , the magnetic correlation length can be estimated directly from the magnetization rather than from elastic neutron-scattering measurements.
In the HP phase above 7 kbar, the sublattice spin M sl drops dramatically. At low temperatures, M sl in Fig. 2͑a͒ drops from about 2.2 at 5.46 kbar to 1 at 10.22 kbar. The intersublattice exchange K plotted in Fig. 2͑c͒ peaks at about 4 kbar but then rises by roughly 20% above 7 kbar. Somewhat less dramatically, Fig. 2͑e͒ indicates that N Cr also grows above 7 kbar, suggesting that thermal fluctuations are enhanced in the HP phase.
The linear susceptibility of each sublattice plotted in Fig.  3 also shows a dramatic change at 7 kbar. In the LP phase, the parallel susceptibility 0 is rather small and can be taken to be zero. Notice that the sublattice ground state becomes more rigid with increasing pressure below 7 kbar as the susceptibilities n decrease in amplitude. Above 7 kbar, 0 becomes non-negligible and the magnitudes of 1 and 2 are significantly enhanced. For all pressures, 1 Ͻ 0 and 2 Ͼ 0.
We conclude that the atomic spins are more easily rotated by a magnetic field along the sublattice moment direction ͑ =0͒ in the HP phase above 7 kbar than in the LP phase below 7 kbar. Since the LP-HP transition is first order, it is very likely that the material exhibits phase separation at 8.05 kbar with both LP and HP regions. Hence, the apparent reduction in M sl at 8 K between 8.05 and 10.22 kbar probably reflects the disappearance of the LP phase rather than a change in the net sublattice spin within the HP phase. So the sublattice spin of the HP phase at low temperatures lies between about 0.9 and 1.1. Despite the very small 0.45% tetragonal expansion of the lattice observed at 12.2 kbar, 6 any canting of the sublattice moments away from the cubic diagonals in the HP phase is negligible: when the canting angle is allowed to be a variable in the fits to the magnetization, the net moment is always found along one of the cubic diagonals.
Based on these considerations, there are two possible explanations for the LP-HP phase transition. Pressure-induced valence changes have been previously observed among mixed-valent rare-earth compounds 8 and intermetallic oxides. 9 Applied pressure may also induce a valence change on one of the three inequivalent Ru 2 complexes, reducing its spin from 3/2 to 1. The Cr ion would gain the electron removed from this Ru 2 complex. Due to the surrounding six cyanide groups, the Cr͑II͒ ion would likely support a lowspin state with S = 1. But the sublattice moment would then still be too large compared to the result M sl Ϸ 1 expected for the HP phase.
Many compounds, including those containing Fe, Co, or Mn ions, exhibit a high-to-low-spin transition with increasing pressure. 10 If the Ru 2 complex undergoes a high-to-lowspin transition, then the Ru 2 spin would change from 3/2 to 1/2. In the absence of spin-orbit coupling, the spin-1/2 Ru 2 ion would be decoupled from the crystal-field environment and the net sublattice moment would vanish. But due to the spin-orbit coupling Ͻ0, the Ru 2 moment would couple to the crystal field of the paddle wheel. The net sublattice moment would then be substantially reduced from its value in the LP phase and, depending on the magnitude of the Ru 2 moment, may lie either parallel or antiparallel to the Cr moments. Considering that the different orbital configurations of the Ru 2 core have nearly the same energy, 11 it is not surprising that both low-spin 12 and spin-admixed 13 diruthenium compounds are fairly common. Thus, Cr͑Ru 2 ͒ 3 would provide an example of a pressure-induced high-to-low-spin transition for a diruthenium compound.
To summarize, we have modeled the magnetization of Cr͑Ru 2 ͒ 3 as a function of field and pressure. Up to 7 kbar, the magnetization grows with increasing pressure due to the enhanced coupling between spins. Above 7 kbar, the sublattice moment drops by a factor of 2 and the linear susceptibility of each sublattice along the cubic diagonal rises dramatically. Of the two scenarios described above, it is most likely that the Ru 2 ion undergoes a high-to-low-spin transition at 7 kbar. Further measurements are needed to verify this prediction. It would also be interesting to study the pressure dependence of the two-dimensional analog of Cr͑Ru 2 ͒ 3 . 
